Malignant glioma remains one of the most intractable of human cancers principally due to the highly infiltrative nature of these neoplasms. The use of neural precursor cells (NPC) has received considerable attention based on their ability to selectively migrate towards disseminated areas of tumor in vivo and their described ability to deliver tumor-directed therapies specifically to infiltrating tumor cells. Fundamental to optimizing the use of these cells for potential clinical translation is the development of an understanding regarding the biologic cues that govern their ability to migrate towards infiltrative glioma foci. To this end, in this paper we detail that NPC selected for double-expression of the glial-precursor marker A2B5 and the cell-surface chemokine receptor, CXCR4, demonstrate enhanced in vitro gliomadirected tropism. These findings demonstrate the relevance of these markers for the phenotypic segregation of an optimally tumor-tropic NPC sub-population as a means of enhancing NPC-based therapeutic strategies for the treatment of glioma.
Introduction
Despite advances in surgical techniques and adjuvant therapies, the prognosis for patients with malignant glial tumors remains poor with a median survival following a new diagnosis of glioblastoma multiforme of under one year, and a two year survival rate approaching zero [1] . The therapeutic challenge posed by these neoplasms centers on their highly infiltrative nature. At the microscopic level solitary tumor cells or clusters of neoplastic cells migrate throughout the brain, often to significant distance, resulting in near universal recurrence of disease despite aggressive surgical resection, radiation and chemotherapy. One promising means of specifically directing treatment to disseminated areas of tumor involves the use of neural precursor cells (NPC). These are mutlipotent progenitor cells that can be harvested from either fetal, neonatal or adult tissue sources and are capable of long-term sustained self-renewal in vitro. When subjected to appropriate differentiation-inducing conditions, these cells are capable of terminal differentiation into either neurons or glia. There is an extensive body of literature from our group as well as others that has described the use of these cells to deliver tumoricidal gene products to disseminated tumor foci with significant therapeutic success in pre-clinical models of glioma [2] [3] [4] [5] [6] [7] [8] . Notable, however, has been our consistent finding that only a sub-population of NPC appears to display this glioma-tropic migratory activity in vivo [9] . This led us to speculate that the identification of specific phenotypic differences between tumor-tropic versus non-migratory NPC populations may allow us to better characterize and, ultimately, refine for a selected population of NPC optimally primed for glioma therapy. To this end, we have earlier described that NPC that migrate towards disseminated foci of intracranial glioma demonstrate a pheno--type consistent with that of glial precursor cells (as characterized by expression of A2B5) that also expressed the cell surface chemokine receptor, CXCR4 [9] . The CXCR4 chemokine pathway is known to regulate glial precursor migration in the developing brain [10, 11] , and glioma cells are known to express significant levels of CXCL12 (the soluble ligand for CXCR4) [12] [13] [14] which likely explains why this phenotypic combination is also associated with glioma-tropic NPC populations within our treatment models. In this study, we now detail the use of non-invasive bioluminescence-based imaging to confirm that, within unfractionated NPC, only a portion of cells demonstrate glioma-directed migratory behavior. Furthermore, we describe the use of a magnetic and flow-cytometry based cell-sorting approach to refine for A2B5+ CXCR4+ double-positive NPC and demonstrate that this population displays significantly enhanced tropism for glioma-conditioned medium in vitro. These findings point to the relevance of the use of this refined population of NPC as an optimally tumor-tropic tool for enhanced delivery of tumoricidal gene products to glioma in vivo.
Materials and Methods
Isolation of NPC, generation of intracranial tumor models, and in vivo bioluminescence imaging. Murine fetal NPC were harvested from the frontoparietal regions of day 15 mouse fetuses as described earlier [6] . NPC were cultured and maintained as previously detailed [5, 6] . The 9L and GL26 glioblastoma cell lines were obtained from ATCC (Manassas, VA) and Dr. John Yu (Los Angeles, CA), respectively, and maintained in vitro per established protocol. NPC were engineered to express firefly luciferase by means of infection with the firefly-luciferase gene bearing replication-defective adenovirus using methodology described by us earlier [5, 6] . Intracranial tumors were established as follows: Six to eight week old athymic nude mice were obtained from Charles River Laboratories (Wilmington, MA) and anesthetized using intraperitoneal ketamine and xylazine. They then underwent stereotactic implantation of 5 × 10 4 glioma cells in 3 µl of 1.2% methylcellulose/MEM in the left corpus striatum as reported previously [5, 6] . Control animals received injections of the identical volume of cell-free methylcellulose/MEM. Five days later, the animals underwent implantation of 2 × 10 5 NPC expressing firelfly luciferase in the contralateral hemisphere using similar implantation methodology. Six days following this second implantation, animals were anesthetized using inhaled isoflurane and images in the Xenogen IVIS 200 imaging system, allowing for quantitation of light emission following intraperitoneal administration of Dluciferin (150 µg/g body weight). For immunohistochemical studies, athymic nude mice underwent stereotactic implantation of GL26 glioma cells in the left cerebral hemisphere followed by inoculation of β-galactosidase expressing NPC (NPC-LacZ) [6, 13] into the contralateral hemisphere one week later. After an additional seven days, brains from these mice were harvested and stained using standard immunofluorescence techniques using antibodies against β-galactosidase, A2B5, GFAP, CNPase, E-NCAM, beta III tubulin, PDGFRα (Chemicon; Temecula, CA).
In vitro selection of A2B5+ CXCR4+ NPC. Fetal murine NPC cultures were supplemented with 10 ng/ml recombinant ciliary neurotrophic factor (CNTF) and 20 ng/ml bone-morphogenic protein-2 (BMP-2) (Peprotech, Rocky Hill, NJ). This methodology has been previously described as promoting induction of a glial-precursor cell fate-commitment from within undifferentiated NPC [15] . 24 hours following supplementation of cultures with these factors, cells were isolated and then incubated with a PE-conjugated anti-A2B5 primary antibody (Chemicon) for 30 -45 minutes, followed by a microbead tagged secondary antibody (Miltenyi Biotec; Auburn, CA). A positive selection strategy was then applied using a magnetic cell sorting (MACS) separation column (Miltenyi Biotec) wherein microbead-tagged A2B5+ cells were eluted as a separate enriched population using methodology as previously detailed [16] . Further enrichment was performed by labeling cells with a FITC-conjugated anti-CXCR4 antibody (BD Pharmingen) and utilizing fluorescence activated cell sorting to separate a population of A2B5+ CXCR4+ double-positive cells.
In vitro NPC migration assay. All chemotaxis experiments were performed using a chemotaxis chamber (Neuro Probe, Gathersburg, MD) consisting of pairs of culture wells separated by a 5 um porous polycarbonate membrane, utilizing methodology detailed by us earlier [9] . Lower wells were filled with GL-26 conditioned medium harvested as described [9] . Fresh DMEM supplemented with 10% FBS and 1% penicillin/streptomycin was used as a control (unconditioned media. Following placement of the porous membrane, approximately 1.5 × 10 5 disaggregated NPC were added to the top chambers. The chamber system was incubated at 37˚C for four hours, after which media from lower wells were collected and quantitatively analyzed for cell content using flow cytometry against a defined number of fluorescent beads (BD Pharmingen) utilizing methodology detailed by us previously [9] . This allowed for quantification of the percentage of cells added to each top chamber that had migrated to the bottom chamber. For neutralization assays, anti-CXCR4 (40 μg/ml) (R&D Systems, Minneapolis, MN) monoclonal antibody was incubated with NPC for 30 minutes at room temperature prior to the assay. Control samples were incubated with identical concentrations of isotype-matched nonspecific antibody (BD Pharmingen). All experiments were performed in triplicate.
Results
Non-invasive in vivo bioluminescence imaging demonstrates the presence of a sub-population within NPC that exhibits glioma tropic migratory behavior. With the goal of developing a non-invasive modality for the tracking of NPC migration within the brain, we labeled fetal murine NPC with firefly-luciferase and injected these cells into the contralateral cerebral hemisphere within the brains of nude mice bearing pre-established intracranial gliomas. As depicted in Figure 1(a) , six days following implantation NPC injected into the brains of control mice without pre-existing intracranial tumors remained largely localized to the ipsilateral cerebral hemisphere. In contrast, NPC injected into tumor bearing brains displayed marked migratory activity across the midline and redistribution into the vicinity of the already established tumor. These findings provide an elegant non-invasive imaging modality and confirm our earlier post-mortem histological analyses which demonstrated similar results [5, 6, 9] . Also, of note, despite the migration of a marked number of implanted NPC into the contralateral tumorbearing hemisphere, we again noted that a significant portion of the implanted cells did not demonstrate this tumor tropic property and remained within the ipsilateral hemisphere. This finding again supports our earlier data indicating that NPC contain differential populations with differing tumor-tropic migratory potential [9] .
Tumor-tropic NPC demonstrate expression of the glial precursor markers A2B5 and GFAP but do not express markers of neuronal or oligodendroglial fatecommitment or differentiation. With the goal of identifying certain phenotypic characteristics that could help delineate the sub-population of NPC that demonstrate an enhanced in vivo tumor tropic migratory capacity, we utilized immunofluorescence histochemistry to analyze β-galactosidase expressing NPC that had migrated towards contralaterally implanted GL26 gliomas in mouse brains. As represented in Figure 1(b) , we found that β-galactosidase expressing NPC that had migrated across midline into the opposite tumor-bearing hemisphere demonstrated expression of the glial precursor markers A2B5 and GFAP. Conversely, they did not express the neuronal precursor marker E-NCAM nor the neuronal differentiation marker beta-III tubulin and were also negative for markers of oligodendroglial commitment (PDGFRα) and oligodendroglial differentiation (CNPase) (not shown). Consistent with our prior studies, these findings again demonstrate that the tumor-tropic migratory capacity of NPC appears to be limited to those cells that bear phenotypic characteristics indicative of a likely astrocytic glial fate-commitment.
A sub-population of glial precursor cells further enriched for expression of the cell surface chemokine receptor CXCR4 demonstrate even greater tropism for glioma in vitro. We have previously demonstrated that activity of the CXCR4 cell surface chemokine receptor mediates the migratory potential of NPC in vitro [9] . Having identified glioma tropic precursor cells as being mainly glial precursor in phenotype (Figure 1(b) and [9] ), we now wished to determine whether the enrichment of a double-selected population of NPC based on both of these characteristics may demonstrate superior tumor-directed migratory capacity. To this end, we utilized a magnetic and flow-cytometry based cell sorting techniques to enrich for subpopulations of NPC based on expression of A2B5 alone or a combination of A2B5 and CXCR4. As depicted in Figure 2 , this methodology allowed us to successfully segregate these cells with good efficacy. We next investigated the tumor-directed migratory capacity of these cells by performing an in vitro migration assay quantitating their ability to migrate towards GL26 glioma-conditioned media using methodology similar to that described by us previously [9] . As demonstrated in Figure 3 , we again noted that unfractionated NPC demonstrated enhanced tumor-tropic activity by displaying significantly greater migration towards tumorconditioned medium as opposed to non-neoplastic fibroblast conditioned-media. Most notably, however, we found that cells double-selected for A2B5 and CXCR4 expression demonstrated the most marked migration towards glioma medium (P < 0.01; Tukey HSD). Importantly, when A2B5+ CXCR4+ NPC were pre-treated with a CXCR4 neutralizing antibody, this enhanced migratory capability could be reduced to levels similar to that for A2B5+ single-sorted NPC but still remained superior to that of unfractionated NPC alone (P < 0.05; Tukey HSD). These findings confirm that it is possible to fractionate a selected subpopulation of A2B5+ CXCR4+ NPC and that these cells demonstrate an enhanced tumor-directed migratory capability as compared to that of unfractionated NPC.
Discussion
Malignant glioma remains one of the most intractable human cancers. Current state-of-the art treatment consists of surgical resection in combination with radiation and chemotherapy. Despite notable advances in surgical navigation, imaging technology and adjuvant therapies, median survival for patients with this disease remains extremely poor with a five-year survival rate approaching zero [1] . The treatment-refractory nature of these tumors stems, to a significant extent, from their highly invasive nature, resulting in near universal recurrence of disease after therapy. As such, it is imperative to develop novel treatment strategies that focus specifically on targeting and elimination of the disseminated neoplastic burden within the brain. The use of tumor-tropic NPC offers such a potential approach and the glioma-directed migratory capacity of these cells has been described extensively in the literature by us as well as others [2] [3] [4] [5] [6] [7] 17] . Notable, however, has been our repeated finding that tumor-tropic activity appears to be limited to a sub-population of cells within NPC [9] . Certainly, from a translational perspective, where the distances that infiltrative tumor cells disseminate over within the brain, are logarithmically greater than the scale encountered within the rodent brain, it will be imperative to identify the biologic mechanisms that govern the ability of certain NPC populations to migrate towards distant tumor foci. With the goal of defining the phenotypic characteristics of the NPC that display glioma-directed migration, we have previously described using immunohistochemical analyses that tumor-tropic NPC populations express markers reflective of cells that have adopted an astroglial precursor fate-commitment. In addition, we separately detailed that NPC migrating towards glioma cells in vivo also express increased levels of the cell surface chemokine receptor CXCR4, and in vitro neutralization of CXCR4 correspondingly impairs the tumor-tropic activity of NPC. In this study, we now detail a methodology to enrich NPC for the phenotypic characteristics that we have previously identified as being associated with an enhanced glioma-tropic migratory activity. We describe how use ofa combination sorting strategy utilizing magnetic-bead and flow-based cell sorting techniques can allow for the separation of a double-selected CXCR4-expressing glial precursor cell population from within NPC and that these cells demonstrate increased migration towards gliomaconditioned medium in vitro. Taken together, these findings argue strongly towards further studies involving the selected use of a A2B5+ CXCR4+ subpopulation for in vivo glioma-directed therapies. Based on our findings, the use of this sub-population should enhance the targeting of disseminated glioma foci and improve upon our earlier reported therapeutic results using unfractionated NPC in pre-clinical glioma models.
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